Introduction
Macrophages represent a dynamic subset of innate immune cells, with functions in immune surveillance, immunity to pathogens, wound healing, antigen presentation, and cytokine and chemokine production (1) (2) (3) . A critical step in macrophage function is macrophage activation (4) . Classically activated, M1 macrophages are generated in response to pathogens and proinflammatory cytokines (1, 2, 4, 5) . M1 macrophages mediate the antimicrobial response to pathogens (1, 2, 4) . Alternatively activated, M2 macrophages are generated in response to IL-4 and are associated with wound healing (2, (4) (5) (6) and promotion of tumorigenesis (7, 8) . Third, regulatory macrophages (Mregs) are antiinflammatory, secreting high concentrations of IL-10 to counter-regulate the M1 response (4, 9) .
Many studies have focused on signaling pathways that regulate macrophage activation, including JAK/STAT, NF-κB, IFN regulatory factor (IRF), and cAMP-responsive element-binding protein (CREB) (10) (11) (12) (13) (14) (15) . Recent evidence suggests that tyrosine kinase signaling also regulates macrophage activation (16) . Specifically, EGFR signaling has been implicated in macrophage function in mouse models of glaucoma, colitis, and cancer (17) (18) (19) (20) . Mice lacking EGFR in resident liver macrophages (Kupffer cells) developed less hepatocellular carcinoma as a direct result of decreased cytokine production by Kupffer cells (18) . However, the role of macrophage EGFR signaling in bacterial infections has not been studied.
To investigate this, we chose a highly prolific human pathogen, Helicobacter pylori (21) . H. pylori is a Gram-negative, microaerophilic bacterium that infects approximately 50% of the global population (22, 23) . Infection with H. pylori is the single greatest risk factor for the development of gastric cancer, which is the third leading cause of cancer death worldwide (24) (25) (26) . The combination of H. pylori-produced oncoproteins, such as cytotoxin-associated gene A (CagA), and infection-induced chronic inflammation, which fails to eradicate the infection, creates a vicious circle of tissue and DNA damage (27) (28) (29) (30) (31) . Importantly, macrophages play a critical role in H. pylori-mediated gastritis (32) (33) (34) . Thus, an enhanced understanding of the regulation of macrophage responses to H. pylori could prove very useful in devising new strategies for chemoprevention of gastric cancer, as antibiotic treatment is often ineffective at eradicating the pathogen, especially in high-risk regions (28) (29) (30) 35) .
To gain further insights into the role of macrophage EGFR signaling in mucosal inflammation driven by bacterial infection, we also used the murine pathogen Citrobacter rodentium, an attaching and effacing enteric bacterial pathogen that mimics enteropathogenic and enterohemorrhagic Escherichia coli (36) . C. rodentium infection leads to acute colon inflammation, marked by significant macrophage infiltration (37, 38) , and has been used as a mouse model of inflammatory bowel disease.
EGFR signaling regulates macrophage function, but its role in bacterial infection has not been investigated. Here, we assessed the role of macrophage EGFR signaling during infection with Helicobacter pylori, a bacterial pathogen that causes persistent inflammation and gastric cancer. EGFR was phosphorylated in murine and human macrophages during H. pylori infection. In human gastric tissues, elevated levels of phosphorylated EGFR were observed throughout the histologic cascade from gastritis to carcinoma. Deleting Egfr in myeloid cells attenuated gastritis and increased H. pylori burden in infected mice. EGFR deficiency also led to a global defect in macrophage activation that was associated with decreased cytokine, chemokine, and NO production. We observed similar alterations in macrophage activation and disease phenotype in the Citrobacter rodentium model of murine infectious colitis. Mechanistically, EGFR signaling activated NF-κB and MAPK1/3 pathways to induce cytokine production and macrophage activation. Although deletion of Egfr had no effect on DC function, EGFR-deficient macrophages displayed impaired Th1 and Th17 adaptive immune responses to H. pylori, which contributed to decreased chronic inflammation in infected mice. Together, these results indicate that EGFR signaling is central to macrophage function in response to enteric bacterial pathogens and is a potential therapeutic target for infection-induced inflammation and associated carcinogenesis. EGFR + macrophages in gastritis tissues, levels that were significantly increased compared with those detected in uninfected control patients ( Figure 1, A and B) . These data indicate that p-EGFR is upregulated in human gastric macrophages (Gmacs) during H. pylori-induced inflammation.
To examine these findings in a larger number of cases, we used a human tissue microarray (TMA) (39) from Vanderbilt University Medical Center that included patients' gastric tissues spanning the histological range from normal to gastric cancer. We stained the TMA for CD68 and p-EGFR ( Figure 1C) Figure 1D ). Further, the percentage of CD68
+-p-EGFR + macrophages was also increased in both intestinal-type
Here, we demonstrate that EGFR signaling a) is activated in macrophages in response to the bacterial pathogens H. pylori and C. rodentium; b) plays a critical role in macrophage activation and function; and c) is involved in human macrophages during H. pylori-induced disease progression.
Results

EGFR phosphorylation in macrophages occurs during human H. pylori infection.
In previous studies, we determined that phosphorylated EGFR (p-EGFR) in epithelial cells is correlated with early stages of gastric carcinogenesis in humans (39) . We also observed that mononuclear cells in the lamina propria of stomach tissues contained p-EGFR (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI83585DS1). To determine whether p-EGFR localized to macrophages, we used human tissues from Colombia, a region with a high prevalence of gastric cancer (27, 40, 41) . These gastric biop- The slides were analyzed in a blinded manner. n = 4 normal samples and 5 gastritis samples. ***P < 0.001, by 2-tailed Student's t test. (C) Representative H&E-stained images and immunofluorescence images of gastric tissues from the Vanderbilt University TMA. CD68 = red; EGFR p-Y1068 = green; merge = yellow; DAPI = blue. n = 12 normal samples, 41 gastritis samples, and 9 intestinal metaplasia samples. Scale bars: 100 μM. (D) Quantification of the percentage of CD68 + p-EGFR + cells among the total number of cells in each individual core in the TMA, as determined by CellProfiler. n = 12 normal samples, 41 gastritis samples, and 9 intestinal metaplasia samples. *P < 0.05 and **P < 0.01, by 1-way ANOVA with the Kruskal-Wallis test, followed by the Mann-Whitney U test.
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rophages has a critical role in gastric carcinogenesis (Supplemental Figure 2C ). The percentage of CD68 -p-EGFR + cells, the majority of which are epithelial cells, decreased in both types of gastric cancer (Supplemental Figure 3A) . These data are consistent with and diffuse-type gastric cancer (Supplemental Figure 2, A and B) . Importantly, a significant percentage of total CD68 + macrophages was p-EGFR + in intestinal metaplasia and in intestinal-type and diffuse-type gastric cancer, indicating that EGFR signaling in mac- Densitometric analysis of the levels of p-Y1068 compared with levels of t-EGFR at 15 and 30 minutes p.i. n = 3 biological replicates. ***P < 0.001, by 1-way ANOVA with Newman-Keuls post test. (C) Densitometric analysis of p-S1046/7 levels compared with t-EGFR levels at 15 and 30 minutes p.i. n = 3 biological replicates. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA with Newman-Keuls post test. (D) Representative Western blot of EGFR at p-Y1068 and p-S1046/7 in THP-1 cells at 15 minutes p.i. with H. pylori PMSS1. Monocytes (-PMA) and macrophages (+ PMA) are represented in this blot. n = 3 biological replicates. (E) Representative Western blot of EGFR at p-Y1068 and p-S1046/7 in RAW 264.7 cells at 15 minutes p.i. with H. pylori PMSS1 ± 10 μM gefitinib. n = 3 biological replicates. (F) Representative immunofluorescence images of WT BMmacs infected with H. pylori PMSS1 ± 10 μM gefitinib at the indicated times. EGFR p-Y1068 = green; DAPI = blue. n = 5 biological replicates. Scale bars: 50 μM. (G) Representative immunofluorescence images of WT BMmacs infected with H. pylori PMSS1 ± 10 ng/ml anti-TNF-α or ± 25 ng/ml anti-HB-EGF at 30 minutes p.i. Green = EGFR p-Y1068; blue = DAPI. n = 3 biological replicates. Scale bars: 50 μM. Ctrl, control. Figure 2A ). Phosphorylation was detectable at 2 residues, tyrosine (Y) 1068 and serine (S) 1046/7 ( Figure 2A ). Densitometric analysis confirmed the induction of EGFR phosphorylation at both residues and revealed that the induction at 30 minutes p.i. was significantly greater than the induction at 15 minutes p.i. at p-Y1068 and p-S1046/7 ( Figure 2 , B and C). Additionally, phosphorylation of EGFR occurred in response to H. pylori in the human monocytic cell line THP-1, either with or without differentiation into macrophages ( Figure 2D ). The clinically available, EGFR-specific tyrosine kinase inhibitor gefitinib effectively diminished EGFR phosphorylation ( Figure 2E ). Similarly, in primary bone marrow-derived macrophages (BMmacs) from naive C57BL/6 WT mice, H. pylori infection was sufficient to induce EGFR phosphorylation, which was attenuated by gefitinib ( Figure 2F ). Thus, EGFR transactivation is upregulated in macrophages in response to a bacterial pathogen, and it is a conserved feature of macrophage immune responses, as it is present in both mouse and human systems. Figure 3B ), this was driven primarily by cases of active gastritis (Supplemental Figure 3C ), suggesting a potential interaction between macrophages and non-macrophages in the induction of EGFR signaling during gastric inflammation. Importantly, the correlation between macrophage and non-macrophage/epithelial p-EGFR levels was lost in intestinal-type and diffuse-type gastric cancer (Supplemental Figure 3C ), indicating that macrophage EGFR signaling is independent of epithelial EGFR signaling at the end stages of the histologic cascade. These data demonstrate that EGFR signaling plays an important role in macrophage function during chronic inflammation and carcinogenesis in the human stomach.
H. pylori infection induces EGFR phosphorylation in macrophages. To extend these observations, we determined whether H. pylori infection is sufficient to induce EGFR phosphorylation phages with anti-TNF-α-neutralizing Ab ablated EGFR activation at p-Y1068 and p-S1046/47 ( Figure 2G and Supplemental Figure 4) . Moreover, treatment with recombinant TNF-α also stimulated phosphorylation at S1046/47 (Supplemental Figure 4) . These data suggest that EGFR can be activated in a ligand-independent, TNF-α-dependent mechanism in macrophages during H. pylori infection. (19) . The LysM driver leads to the excision of the Egfr alleles that are flanked by loxp sites in myeloid cells (19, 46) . EGFR activation can occur in either a ligand-dependent or ligand-independent manner (42, 43) . Previous studies in epithelial cells have revealed that p-Y1068 is a marker of ligand-dependent activation and p-S1046/47 is a marker of ligand-independent activation (42, 43) . Since our data indicate that H. pylori infection leads to the phosphorylation of both residues, we investigated activation mechanisms in macrophages. Heparin-binding EGF (HB-EGF) is primarily produced by macrophages and is an EGFR ligand (44) . TNF-α is a known inducer of ligand-independent EGFR activation (42, 45) . Treatment of WT BMmacs with an anti-HB-EGF-neutralizing Ab resulted in a modest inhibition of H. pylori-induced EGFR phosphorylation ( Figure 2G ). However, treatment of macro-
Figure 4. Egfr
Δmye mice have significantly decreased chemokine production in gastric tissue. mRNA and protein levels of the cytokines/chemokines (A) CXCL1, (B) CXCL10, (C) CXCL9, (D) CCL3, (E) CCL5, and (F) CCL4 were assessed by qRT-PCR and Luminex Multiplex Array, respectively, from gastric tissue 4 months p.i. with H. pylori SS1. *P < 0.05 and **P < 0.01, and ***P < 0.001. Statistical significance for A-F was calculated by 1-way ANOVA with the Kruskal-Wallis post test, followed by the Mann-Whitney U test. In all panels, n = 2-5 uninfected and 6-11 infected mice per genotype. jci.org
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We determined knockdown of EGFR in several ways. First, Egfr fl/fl and Egfr Δmye BMmacs were isolated and infected with H. pylori PMSS1 for 24 hours; DNA was isolated, and excision of the Egfr gene was detected (Supplemental Figure 5A) . Second, significant knockdown of total EGFR (t-EGFR) protein levels was demonstrated in Egfr Δmye BMmacs compared with Egfr fl/fl BMmacs, both before and after infection with H. pylori (Supplemental Figure 5 , B and C).
Third, previous studies have demonstrated that the peak of macrophage infiltration is 48 hours p.i. with H. pylori (47, 48) . Using flow cytometry and F4/80 and CD11b as macrophage markers, the number of t-EGFR + Gmacs was significantly decreased in Egfr Δmye mice versus Egfr fl/fl mice at this time point (Supplemental Figure 5D ). Further, the number of infiltrating Gmacs was not different between genotypes (Supplemental Figure 5E ). The number of pan-cytokeratin + t-EGFR + gastric epithelial cells was also not different (Supplemental Figure 5F ), indicating the specificity of the LysM-Cre driver. The use of an isotype control Ab verified the specificity of t-EGFR staining (Supplemental Figure 5G) .
Last, we determined the expression levels of lysozyme 2 (Lysm, also known as Lyz2), the gene on which the Cre recombinase was placed, and of Cre itself. Gastric tissues at 4 months p.i. and BMmacs infected with H. pylori demonstrated that, while the Egfr fl/fl mice expressed Lysm, the Egfr Δmye mice had no Lysm expression (Supplemental Figure 6 ), verifying the durability of the Lysm knockout. Further, there were very high levels of Cre mRNA both before and after chronic infection, confirming that there was no loss of Cre expression during our experiments (Supplemental Figure 6 ).
Having established that EGFR is effectively deleted only in macrophages before and after infection, we used our established model of chronic infection with H. pylori SS1 for 4 months (32, 33, 49) .
Egfr
Δmye mice showed significantly decreased histologic gastritis after a 4-month period of H. pylori SS1 infection ( Figure 3 , A and B) and + Gmacs were magnetically selected from the lamina propria at 48 hours p.i. with H. pylori SS1 and mRNA levels of Nos2 were assessed by qRT-PCR. n = 6 uninfected and 9-10 infected mice per genotype. *P < 0.05, **P < 0.01, and ***P < 0.001. Statistical significance in C and D was calculated by 1-way ANOVA with Newman-Keuls post test. (E) Protein levels of NOS2 were assessed in F4/80 + Gmacs 48 hours p.i. with H. pylori SS1. n = 4 uninfected and 6 infected mice per genotype. *P < 0.05 and **P < 0.01, by 1-way ANOVA with the Kruskal-Wallis test, followed by the Mann-Whitney U test. jci.org
decreased acute gastritis after a 1-month period of H. pylori PMSS1 infection (Supplemental Figure 7A ). Previous reports have indicated that gastric inflammation, as a marker of immune response, is associated with control of H. pylori load in mouse models (50, 51 Figure 3C ).
Increased colonization in Egfr
Δmye mice was also observed in the 1-month model of infection with H. pylori PMSS1 (Supplemental Figure 7B ). -from RAW 264.7 cell supernatants 24 hours p.i. with H. pylori PMSS1, SS1, or 7.13 ± 150 nM AG1478 or 300 nM PD153035. n = 5 biological replicates. † P < 0.05 versus PMSS1 alone; *P < 0.05 and **P < 0.01 versus SS1 alone; § Figure  3E ). These data indicate that the deletion of EGFR is maintained throughout chronic H. pylori infection.
To determine whether our findings were generalizable to another enteric bacterial infection, Egfr fl/fl and Egfr Δmye mice were (also known as MIP-1β); and CCL5 (also known as RANTES), were altered at both the mRNA and protein levels (Figure 4 ), indicating that loss of EGFR in myeloid cells leads to a significant ablation of the innate immune response at the transcriptional level. Alterations in chemokine responses further indicate that macrophage EGFR signaling is necessary for the gastric inflammatory response to H. pylori. Cytokines that were either not significantly different between genotypes, not increased by H. pylori infection, or not detected are listed in Supplemental Table 1 .
EGFR signaling is critical for proinflammatory cytokine production and Nos2 expression by macrophages in vivo.
Given the high degree of colocalization of p-EGFR and CD68 + macrophages in both gastric and colonic tissues during infection and the fact that macrophages are known to be major drivers of H. pylori-induced inflammation (34), we next examined genes typically expressed ent in infected Egfr Δmye colonic tissues, again confirming effective Egfr excision in these mice (Supplemental Figure 8C) . These data further indicate that EGFR signaling in macrophages is important in the host response to enteric infections.
EGFR signaling is critical for proinflammatory chemokine production in vivo. Given our in vivo findings, we hypothesized that the loss of Egfr in myeloid cells diminished the innate immune responses to bacterial pathogens. To assess host immune responses, we used a Luminex Multiplex Array to assess 32 chemokines and cytokines. Six analytes were significantly decreased in gastric tissues from H.
pylori-infected Egfr
Δmye mice compared with gastric tissues from Egfr fl/fl or LysM Cre/Cre mice ( Figure 4) . Moreover, all of these analytes, C-X-C motif ligand 1 (CXCL1, also known as GROα or KC); CXCL9 (also known as MIG); CXCL10 (also known as IP-10); C-C motif ligand 3 (CCL3, also known as MIP-1α); CCL4 In the C. rodentium model, only M1 markers were significantly induced by infection in colon tissues from Egfr fl/fl mice; as in H. pylori infection, expression levels of Nos2 and Tnfa were significantly decreased in the Egfr Δmye mice, and Il1b showed a similar trend (Supplemental Figure 10) . Thus, macrophage EGFR signaling is an important mediator of proinflammatory and antiinflammatory gene expression during gastrointestinal mucosal infection.
EGFR signaling is a key component in macrophage activation and function. Because limited numbers of Gmacs can be obtained for experimentation, we used BMmacs for further studies addressing the role of EGFR in macrophages. We also used bone marrow-derived DCs (BMDCs) to assess the role of EGFR signaling in the DC population. Differentiation of macrophages and DCs is demonstrated in Supplemental Figure 11 . WT BMmacs treated with gefitinib demonstrated significantly decreased M1 activation in response to H. pylori, as determined by decreased expression of Nos2, Tnfa, and Il1b ( Figure 6A ). BMmacs from Egfr Δmye mice also exhibited decreased expression of these M1 genes when by macrophages. Markers of M1 macrophage activationNos2, Tnfa, and Il1b -were all decreased in gastric tissues from
H. pylori-infected Egfr
Δmye mice compared with markers detected in Egfr fl/fl mice ( Figure 5A ). Markers of Mreg activation -Il10, Tgfb, and TNF (ligand) superfamily member 14 (Tnfsf14, also known as Light) -were also decreased in infected Egfr Δmye gastric tissues ( Figure 5B ). Markers of M2 activation -arginase 1 (Arg1) and chitinase, acidic (Chia1) -were not significantly altered in Egfr Δmye mice (Supplemental Figure 9) . IL-1β protein was also significantly decreased in H. pylori-infected Egfr Δmye gastric tissues ( Figure 5C ), supporting the mRNA data indicating a role for myeloid EGFR in regulating the M1 response to H. pylori. Furthermore, Gmacs from infected Egfr Δmye mice expressed lower levels of Nos2 mRNA ( Figure 5D ) and NOS2 protein ( Figure 5E ) compared with levels in Gmacs from infected Egfr fl/fl mice. As there was no difference in macrophage infiltration (Supplemental Figure 4E) , these data indicate that the changes in NOS2 levels are specifically due to loss of EGFR rather than alterations in macrophage numbers. BMmacs (Supplemental Figure 14B) . Moreover, Mreg activation, as evidenced by Il10 and Tgfb expression, was significantly diminished in Egfr Δmye BMmacs (Supplemental Figure 14C) . Thus, EGFR has the capacity to regulate all subsets of macrophage activation under various conditions. These data further demonstrate the central role that EGFR plays in regulating macrophage activation.
H. pylori-stimulated NOS2 protein levels were also diminished in RAW 264.7 cells treated with gefitinib or AG1478, a second inhibitor of the EGFR tyrosine kinase domain (Figure 6C ), or in WT BMmacs treated with gefitinib ( Figure 6D ). Both RAW 264.7 cells treated with EGFR inhibitors ( Figure 6E ) or Egfr Δmye BMmacs ( Figure 6F ) produced decreased NO, an effector we have shown to have antimicrobial effects (32, 53, 54) , in response to H. pylori. Thus, when RAW 264.7 cells were treated with gefitinib, we observed significantly increased H. pylori survival when bacteria were separated from macrophages by a Transwell filter support, a model that prevents phagocytosis and allows for direct measurement of the ability of macrophages to kill H. pylori compared with Egfr fl/fl BMmacs ( Figure 6B ). As in gastric tissues, Mreg activation with H. pylori infection, denoted by induction of Il10 and Tgfb, was decreased in both WT BMmacs treated with gefitinib and in Egfr Δmye BMmacs (Supplemental Figure 12A and 12B). M2 gene expression was not induced by H. pylori infection in BMmacs (Supplemental Figure 12,C and D) . Similarly, M1 and Mreg markers induced by C. rodentium infection were decreased by inhibition of EGFR signaling (Supplemental Figure 13, A and  B) . These BMmac data corroborate our in vivo findings and indicate that EGFR is a key regulator of macrophage activation during bacterial infection.
To determine whether EGFR has a global role in macrophage activation, we treated Egfr fl/fl and Egfr Δmye BMmacs with the prototypical stimuli for M1, M2, and Mreg activation and assessed activation by gene expression. Stimulation of BMmacs with IFN-γ and LPS induces an M1 response (2). As with H. pylori or C. rodentium infection, an M1 stimulus induced significantly decreased expression of Nos2, Il1b, and Tnfa in Egfr Δmye BMmacs (Supplemental Figure 14A) . Neither H. pylori nor C. rodentium induce a significant M2 response (Supplemental Figure 9 and Supplemental Figure  12, C and D) . However, Egfr
Δmye BMmacs activated with IL-4, a EGFR signaling and NF-κB signaling form an important link in macrophages that is necessary for cytokine production. To further address the downstream effects of EGFR in macrophages, we examined the NF-κB signaling pathway, a key mediator of cytokine production and innate immune responses to pathogens. H. pylori infection leads to NF-κB signaling, directly resulting in the production of cytokines and chemokines (56, 57) . Because we are studying bacterial pathogens, we examined the classical NF-κB signaling pathway that includes myeloid differentiation primary response 88 (MyD88), inhibitor of κ light polypeptide gene enhancer in B cells, kinase (IKBK, also known as IKK), and inhibitor of κ light polypeptide gene enhancer in B cells, inhibitor α (NFKBIA, also known as IκBα).
Given Figure 7A ). A similar decrease was observed in WT BMmacs treated with gefitinib (Supplemental Figure 19A) . Moreover, Egfr
Δmye BMmacs had markedly decreased p-IKBK and p-NFKBIA levels at 30 and 45 minutes p.i. compared with levels detected in Egfr fl/fl BMmacs ( Figure 7B ). H. pyloriinfected WT BMmacs treated with gefitinib also had decreased p-IKBK and p-NFKBIA levels as compared with levels in untreated BMmacs (Supplemental Figure 19 , B and C).
Consistent with the MyD88, p-IKBK, and p-NFKBIA data, there was significantly less v-rel avian reticuloendotheliosis viral oncogene homolog A (RELA, also known as p65) translocation to the nucleus 60 minutes after H. pylori infection in Egfr Δmye BMmacs ( Figure 7C ). Densitometric analysis confirmed the significant decrease in nuclear RELA levels, with no change in the cytoplasmic levels of RELA ( Figure 7D) . A similar reduction in nuclear translocation of RELA was observed in WT BMmacs treated with gefitinib (Supplemental Figure 19, D-F) . Nuclear levels of p-RELA were also decreased in Egfr Δmye BMmacs 60 minutes p.i. as compared with levels in Egfr fl/fl BMmacs ( Figure 7E ). Moreover, BMmacs expressing an NF-κB luciferase reporter (NGL cells) (58, 59) demonstrated decreased H. pylori-stimulated NF-κB activity when treated with gefitinib ( Figure 7F ). Taken together, these data indicate that p-EGFR is a key enhancer of macrophage NF-κB signaling in response to H. pylori infection, potentiating the production of inflammatory mediators, including cytokines and NO.
ERK signaling is also linked to EGFR signaling and contributes to macrophage activation. EGFR signaling is known to interact with many signaling pathways, including MAPK signaling (60, 61) . Components of the MAPK signaling pathway include MAPK1 and MAPK3 (hereafter referred to as MAPK1/3; also known as ERK1/2) (60, 61) . We have previously demonstrated that MAPK1/3 signaling has a role in regulating macrophage function in response to H. pylori and that H. pylori infection induces phosphorylation of MAPK1/3 (48) .
EGFR inhibition ( Figure 8A ) or deletion ( Figure 8B ) resulted in decreased p-MAPK1/3 levels in BMmacs stimulated with H. pylori (Figure 8, A and B) . These data suggest that EGFR activation is upstream of MAPK1/3 and that MAPK1/3 signaling is closely linked to EGFR signaling. To determine the role of MAPK1/3 signaling in macrophage activation, we used the (Supplemental Figure 15) . These data are consistent with the increased bacterial survival in both the H. pylori and C. rodentium mouse models of infection with myeloid-specific deletion of Egfr.
Moreover, H. pylori-stimulated IL-1β protein secretion was attenuated in Egfr
Δmye versus Egfr fl/fl BMmacs ( Figure 6G ). There was no H. pylori strain specificity for inducing EGFR-mediated macrophage immune responses, as infection with multiple H. pylori strains resulted in similar findings.
Macrophages are also professional phagocytes. Therefore, we assessed the effect of EGFR signaling on macrophage phagocytosis of H. pylori, using a gentamicin protection assay (55) and siRNA to ensure effective loss of EGFR (Supplemental Figure  16A) . We observed no difference in phagocytosis between Egfrknockdown cells and cells transfected with a nontargeting siRNA pool (Supplemental Figure 16B) . Additionally, there was no difference in phagocytosis between untreated and gefitinib-treated cells, confirming our findings with Egfr siRNA (Supplemental Figure 16C) . We verified that 200 μg/ml gentamicin effectively killed extracellular H. pylori, while 10 μM gefitinib and 0.1% saponin had no effect on H. pylori viability (Supplemental Figure 16C) . These findings confirmed the efficacy of this assay. Thus, EGFR signaling does not appear to play a role in bacterial phagocytosis.
EGFR is associated with resistance to apoptosis in epithelial cells (39) , raising the possibility that the phenotypic effects observed in macrophages lacking EGFR are due to diminished cell survival. However, there was no difference in H. pylori-induced apoptosis in RAW 264.7 cells with Egfr knockdown (Supplemental Figure 17 , A and B) or in those treated with gefitinib (Supplemental Figure 17C) Figure 17F) . Importantly, there were no differences in the number of Gmacs between genotypes, further indicating that the cells are viable with or without EGFR (Supplemental Figure 17G ). Moreover, we detected no differences in cleaved caspase 3 levels in CD68 + Gmacs in tissues from Egfr fl/fl and Egfr Δmye mice 4 months p.i., as assessed by immunofluorescence (Supplemental Figure 17H ). Taken together, these data indicate that EGFR does not regulate cell viability in macrophages and further confirm that the effects of Egfr deletion on macrophage phenotype are due solely to the loss of EGFR. As our mouse model is a myeloid-specific knockout of EGFR, we also examined the expression of DC cytokines under conditions in which EGFR signaling was inhibited. WT BMDCs treated with gefitinib showed no differences in H. pylori-induced mRNA expression of the relevant cytokines Tnfa, Il6, Il12b, and Il10 (Supplemental Figure 18A) Figure 18, C and D) . Taken together, these data indicate that EGFR signaling does not regulate DC cytokine production or antigen presentation. jci.org Volume 126 Number 9 September 2016 that mediates Th17 differentiation, and Il17a mRNA levels were very highly induced in CD4 + T cells from the lamina propria of Egfr fl/fl mice ( Figure 9D ). Notably, Egfr Δmye mice had significantly lower Rorc and Il17a expression levels in CD4 + T cells from the lamina propria ( Figure 9D) .
IL-23, composed of IL-12p19 and IL-12p40, and TGF-β are necessary for Th17 differentiation (62) . IL-12p40 protein (Supplemental Table 1 ) and Tgfb mRNA levels ( Figure 5B ) were significantly decreased in Egfr Δmye gastric tissue. Moreover, mRNA levels of macrophage-derived Il23a (Supplemental Figure 21) and Tgfb (Supplemental Figure 12B) were significantly reduced in Egfr Δmye BMmacs. Taken together, these data indicate a diminished potential for Th17 differentiation. These data also indicate that EGFR signaling in macrophages is important for the Th17 response to H. pylori infection. The decreased Th17 response in Egfr Δmye mice likely contributes to the decreased histologic gastritis.
In contrast to the diminished Th17 response in Egfr Δmye mice, the Treg response was substantially increased. mRNA expression of Foxp3, a transcription factor specific to Tregs, was not induced in infected Egfr fl/fl gastric tissues, but was significantly upregulated in Egfr
Δmye tissues ( Figure 10A) . Similarly, the CD4 Figure 10C ). These data implicate a potential role for macrophage EGFR signaling in the Treg response during H. pylori infection. We also assessed the role of macrophage EGFR in the initiation of the adaptive immune response to H. pylori. We examined the Th1, Th17, and Treg populations at 2 months p.i. (Supplemental Figure 22 ). In contrast to the 4-month p.i. time point, there was no increase in Th1, Th17, or Treg populations with H. pylori infection in the Egfr fl/fl or Egfr Δmye GLNs when assessed by flow cytometry (Supplemental Figure 22 , A, C, and E). There were, however, modest increases in expression levels of the Th1-and Th17-related genes in infected Egfr fl/fl mice, levels that were decreased in Egfr Δmye mice (Supplemental Figure 22, B and D) . Together, these data suggest that the gastric T cell response is still developing at the 2-month p.i. time point and that macrophage-T cell interaction is best assessed at 4 months p.i. in the H. pylori model.
Discussion
EGFR regulates many epithelial cell functions, in addition to playing a procarcinogenic role in many cancers, including gastric cancer (39, (63) (64) (65) (66) . While EGFR signaling in macrophages has been demonstrated within the context of inflammation and cancer (18, 19) , our work reveals the central role that EGFR has in regulating macrophage activation and function in response to bacterial pathogens. Gastric carcinogenesis derives from deleterious H. pylori-induced chronic inflammation that is substantially driven by macrophages (28, 31, 33, 34, 49, 55) . We now show that EGFR signaling in macrophages has a causal role in gastric inflammation and is associated with H. pylori-induced gastric carcinogenesis. Specifically, human Gmacs have abundant levels of p-EGFR, in the setting of both gastritis and intestinal metaplasia, and this continues in gastric carcinoma. As such, MAPK1/3 inhibitor ERKi to prevent MAPK1/3 phosphorylation ( Figure 8A ). WT BMmacs were treated with gefitinib, ERKi, or both inhibitors in combination prior to infection with H. pylori. Gefitinib and ERKi each led to markedly decreased expression of Nos2 and Il1b, markers of M1 activation ( Figure 8C ), and decreased expression of Il10 and Tgfb, markers of Mreg activation ( Figure 8D) . Notably, the combination of gefitinib and ERKi did not further decrease M1 or Mreg gene expression (Figure 8,  C and D) . Together, these data suggest that EGFR and MAPK1/3 are in the same pathway and that EGFR is upstream of MAPK1/3. Consistent with the data obtained using gefitinib and Figure  8 , E and F). These data further support the concept that EGFR and MAPK1/3 are in the same pathway(s) and exert potent effects on macrophage activation in response to H. pylori infection.
Macrophage EGFR is necessary for regulating both Th17 and Treg T cell responses during H. pylori infection. As macrophages are antigen-presenting cells and play a role in initiating the adaptive immune response during H. pylori infection, we sought to determine the nature of the interaction between Egfr Δmye macrophages and T cells. Because we detected attenuated chronic inflammation at 4 months p.i. in Egfr Δmye mice, we focused on this time point for detailed analysis of the adaptive immune response. We used 2 sources of T cells for these studies: magnetically selected CD4 + T cells from the lamina propria of the mouse stomach that were then analyzed by quantitative real-time PCR (qRT-PCR) and T cells from the perigastric lymph nodes (GLNs) that were assayed by flow cytometry.
The Th1 response was detectable, but it was not particularly robust, and there were no significant differences in Ifng expression in gastric tissues from infected Egfr Figure  20B) . However, the CD4 + IFN-γ + cell population was significantly decreased in Egfr Δmye GLNs (Supplemental Figure 20B) . The lamina propria T cells showed a significant increase in both T box 21 (Tbx21, also known as Tbet), a transcription factor regulating Th1 differentiation, and Ifng expression in Egfr fl/fl mice, but only Tbx21 expression was significantly decreased in Egfr Δmye mice (Supplemental Figure 20C ).
Th17 responses were more robust and more dependent on macrophage EGFR signaling at 4 months p.i. Il17a mRNA levels were significantly increased in infected Egfr fl/fl and LysM Cre/Cre gastric tissues and decreased in infected Egfr
Δmye gastric tissues (Figure 9A) . Similarly, IL-17 protein levels were increased in infected Furthermore, phosphorylation of EGFR was detectable at S1046/47 as well as at the canonical Y1068, indicating that initiation of EGFR signaling in macrophages can be ligand independent (42, 43) . We have implicated a potential role for TNF-α in such a ligand-independent mechanism. Future studies to determine the mechanism by which EGFR signaling is initiated in macrophages in response to bacterial infections are warranted. These studies could provide useful targets for therapeutic intervention in preventing EGFR activation in macrophages during chronic inflammation.
In sum, our work outlines a new role for EGFR signaling in regulating the macrophage-mediated host responses to bacterial infections. We have implicated EGFR as a central element in macrophage activation, with broad effects on immunopathogenesis. In the particular case of H. pylori infection, specific inhibition of pathways that activate macrophage EGFR signaling could prove a useful chemopreventive strategy in high-risk subjects, since antibiotic treatment of H. pylori once precancerous lesions of atrophic gastritis and intestinal metaplasia have occurred does not reduce gastric cancer risk (71, 72) . Further, this work provides an impetus for further studies regarding the role of EGFR in macrophages, especially as it relates to the treatment and prevention of other inflammatory diseases and associated carcinogenesis.
Methods
Materials. All reagents used for cell culture were from Invitrogen. Reagents for RNA extraction were from QIAGEN. Reagents for cDNA synthesis and qRT-PCR were purchased from Bio-Rad. Abs. See Supplemental Table 3 for information regarding all Abs used in this study.
Bacteria, cells, culture conditions, and infections. H. pylori PMSS1, SS1, and 7.13 were grown and used as previously described (32, 33, 49) .
The murine macrophage cell line RAW 264.7 was maintained in complete DMEM, supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, 50 mg/ml gentamicin, 25 mM HEPES, and 10 mM sodium pyruvate. The human monocytic cell line THP-1 was maintained in complete DMEM, supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and 50 mg/ml gentamicin. THP-1 cells were differentiated into adherent macrophages with 10 ng/ml PMA for 24 hours. Cells were then washed and incubated in complete DMEM without PMA for 24 hours prior to experimentation. RAW 264.7 cells and THP-1 cells were acquired from ATCC. ATCC authenticates all cell lines before distribution and also tests for and confirms that all cell lines are free of mycoplasma contamination. The murine immortalized BMmac, NF-κB luciferase reporter cell line, NGL, was provided by Timothy Blackwell (Vanderbilt University Medical Center) (58, 59) and was maintained in complete DMEM, supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and 50 mg/ml gentamacrophage EGFR is a potential therapeutic target for this and other inflammation-mediated diseases and cancers.
Myeloid-specific deletion of EGFR in mice significantly attenuated gastritis, with a commensurate increase in H. pylori burden. This decrease in gastric damage was marked by decreased proinflammatory cytokine and chemokine levels. Similarly, the diminished clinical severity of infectious colitis in Egfr Δmye mice, despite increased C. rodentium burden, further implicates the importance of EGFR signaling in macrophages in the deleterious inflammatory response to bacterial infections. This concept was also supported by the decrease in proinflammatory cytokine expression in colonic tissues from infected Egfr Δmye mice. Either inhibition of signaling or genetic knockout of EGFR led to decreased M1 and Mreg activation during bacterial infection in vitro and in vivo. Canonical stimuli for M1, M2, and Mreg activation also resulted in decreased gene expression of subset-specific markers. Macrophage activation is critical for defining function, and our studies have established that EGFR assumes a central role in regulating this key step in macrophage biology. Importantly, we have used the term "activation" instead of "polarization," because this study is focused on gene expression patterns related specifically to macrophage activation. It should be noted, however, that we have assessed the expression of arginase 2 (Arg2) and ornitihine decarboxylase (Odc), which encode for important enzymes involved in polyamine biosynthesis and which we have previously shown to be upregulated in H. pylori-infected macrophages (33, 67) . In BMmacs with either chemical inhibition or knockout of EGFR, there was no affect on H. pylori-induced expression of Arg2 or Odc (data not shown), suggesting that EGFR signaling does not have global effects on all macrophage genes induced by H. pylori.
As M1 activation is responsible for proinflammatory, antimicrobial responses to bacterial pathogens, loss of M1 activation in Egfr Δmye mice is likely driving the decreased disease severity and increased bacterial load in the models used here. Additionally, EGFR signaling in macrophages has marked effects on adaptive immunity, as it was required for Th17 responses, which have been implicated in clearance of H. pylori (68) and C. rodentium (69) infection.
The link between EGFR and NF-κB provides a mechanism for the observed decrease in cytokine production by macrophages. Inhibition or deletion of EGFR led to significantly decreased NF-κB pathway signaling, including the upstream components MyD88, p-IKBK, and p-NFKBIA, as well as decreased RELA nuclear translocation and NF-κB activity. It should be noted that MyD88 -/-mice have been reported to exhibit attenuated gastritis and increased bacterial burden with H. pylori infection (70), consistent with our data herein regarding myeloid-specific deletion of Egfr. Thus, MyD88 may provide a link between EGFR signaling and NF-κB in macrophages.
We have also implicated MAPK1/3 signaling as an additional target of EGFR signaling, which appears to be important in modulating macrophage activation in response to H. pylori. Since many potential pathways may be influenced by EGFR signaling, determining additional downstream targets of EGFR activation in macrophages is currently being investigated in our laboratory through proteomic approaches. These studies will enhance our understanding of the mechanisms controlling macrophage responses. jci. (39, 55) . Antigen retrieval was performed as previously described (39) . (See Supplemental Table 3 for Ab information). Slides were imaged using a SPOT RT slider camera system (Diagnostic Instruments Inc.) on a Nikon E800 microscope. Images were all modestly adjusted in ImageJ (NIH) with the brightness and contrast tool.
Quantification of human TMA immunofluorescence. See Supplemental Methods for detailed methodology.
Purification of Gmacs. Gmacs were purified as previously de scribed (33) .
T cell studies. See Supplemental Methods for detailed methodology. Flow cytometry. Flow cytometry was performed as previously described (33) . See additional details in Supplemental Methods. All information regarding Abs is available in Supplemental Table 3 .
Statistics. All data shown represent the mean ± SEM. At least 3 biological replicates were performed for all studies using cell cultures. Where data was normally distributed, a 2-tailed Student's t test was used to determine significance in experiments with only 2 groups, and 1-way ANOVA with the Newman-Keuls test was used to determine significant differences between multiple test groups. In cases in which data were not normally distributed, a 1-way ANO-VA with a Kruskal-Wallis post test, followed by a Mann-Whitney U test, were performed. All statistics were performed using GraphPad Prism 5.0 (GraphPad Software). A P value of less than 0.05 was considered significant.
Study approval. Animals were used under protocol M/10/155, which was approved by the IACUC of Vanderbilt University. WT C57BL/6 mice were bred and maintained under IACUC protocol V/13/230. Human tissues were obtained from a Vanderbilt University Medical Center repository, and nonhuman exemptions were granted by the IRB of Vanderbilt University, as all information was completely deidentified.
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BMmacs were isolated from all mouse genotypes used in this study as previously described (73) , with the following exceptions: rbc were lysed with ammonium-chloride-potassium lysing buffer for 4 minutes prior to plating BM cells. Recombinant macrophage CSF (M-CSF) was used at a concentration of 20 ng/ml for 7 days. BMDCs were isolated from all mouse genotypes as previously described (74) . Recombinant granulocyte-monocyte CSF (GM-CSF) was used at a concentration of 40 ng/ml for 9 days. M-CSF and GM-CSF were purchased from PeproTech.
All cells were incubated in serum-free media for 14 to 16 hours prior to infection for assays measuring p-EGFR. All pharmacological inhibitors were added 1 hour before infection. Table 2 for primer information). Six-to twelveweek-old male mice were exclusively used for these studies, regardless of genotype, and mice were not removed from the cages in which they were weaned. Male mice were selected for this study, because female mice have been shown to be protected from gastric damage in experimental H. pylori infection (75) . Sample sizes were based on previous studies from our laboratory (32, 33, 55) and mice were randomly selected for control and experimental groups, provided they met the sex and age requirements. Mice were infected orogastrically with 5 × 10 8 CFU H. pylori SS1 or PMSS1. Inoculations occurred once for Gmac studies and 3 times, every other day, for all other H. pylori studies. Animals were sacrificed 48 hours p.i. for Gmacs and 1 month, 2 months, or 4 months p.i. for all other H. pylori studies. Colonization was assessed by serial dilution and culture. Histology was assessed in a completely blinded manner by a gastrointestinal pathologist, M. Blanca Piazuelo, using the updated Sydney System (55). Human tissues. Human gastric tissue samples were obtained as previously described (39, 41) . Both a Vanderbilt University Medical Center TMA (39) and samples from Colombia (41) were used for this study.
qRT-PCR. RNA was isolated from cells and tissues using RNeasy kits. cDNA was prepared from each sample using 1 μg RNA and the iScript cDNA synthesis kit. PCR was performed as previously described (55) . Primers are listed in Supplemental Table 2 .
Western blot analysis. Cells were lysed in CellLytic MT Reagent (Sigma-Aldrich) or using the NE-PER Protein Extraction Kit (Pierce Biotechnology, Thermo Fisher Scientific). All lysis buffers were supplemented with the Protease Inhibitor Cocktail (Set III; Calbiochem) and the Phosphatase Inhibitor Cocktail (Set I; Calbiochem). Protein concentration was determined using the BCA protein assay (Pierce Biotechnology, Thermo Fisher Scientific). Primary and secondary Abs are listed in Supplemental Table 3 . Densitometry was performed using ImageStudio, version 4.0.21 (LI-COR).
Measurement of NO. The concentration of the oxidized metabolite of NO nitrite (NO 2 -) was assessed by the Griess reaction as previously described (32) .
